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LOW NOISE BACK PRESSURE REGULATOR
FOR SUPERCRITICAL FLUID
CHROMATOGRAPHY

STATEMENT OF PRIORITY

The present application is a continuation application under
37C.F.R. §1.53(b) of U.S. patent application Ser. No, 12/730,
223 filed on Mar. 23, 2010 now U.S. Pat. No. 8,419,936 ,
naming Terry A. Berger, et al. as inventors. Priority under 35
U.S.C. §120 s claimed from U.S. patent application Ser. No.
12/730,223, and the entire disclosure of U.S. patent applica-
tion Ser. No. 12/730,223 is specifically incorporated herein
by reference.

FIELD OF THE INVENTION

The present invention relates to methods and systems for
controlling pressure of a mobile phase flowstream within
chromatography and extraction systems, such as liquid chro-
matography, supercritical chromatography, and supercritical
extraction systems, with a pressure regulator.

BACKGROUND

Supercritical fluid chromatography (SFC) is a separation
technique similar to high performance liquid chromatogra-
phy (HPLC), except one of the fluids used as a solvent is a
highly compressible liquefied gas. Supercritical fluid extrac-
tion (SFE) is a related technique but with somewhat lower
requirements for accurate flow or pressure control. The most
common fluid used in SFC (and SFE) is carbon dioxide,
which will be considered as representative of all such fluids.

At room temperature and atmospheric pressure, carbon
dioxide is a low density gas (density approximately 0.002
g/cm?®). The desirable characteristics of carbon dioxide for
SFC and SFE are only achieved when the carbon dioxide is
held at a liquid-like density, usually between 0.6 and 1.0
g/cm®, by raising its pressure to 80 to 600 Bar, while keeping
the temperature in the general range of 20° to 100° C., and
more commonly between 35 to 60° C. Under such conditions,
the carbon dioxide: 1.) acts as a solvent, 2.) exhibits very high
solute binary diffusion coefficients (allows higher flow rates
than in HPL.C), and 3.) exhibits very low viscosity (generates
lower pressure drops across columns compared to HPLC).

To be useful in SFC (or SFE), the carbon dioxide is com-
pressed to high pressures and pumped as a liquid or as a
supercritical fluid, at a liquid like density, through a separa-
tion column. To prevent it from expanding to atmospheric
pressure in the column, a back pressure regulator (BPR) is
placed downstream of the separation column to keep the
column outlet pressure above typically 80 Bar. Detectors
capable of operating under high pressure may be mounted
between the column and the BPR. Low pressure detectors
may be mounted in the flow stream directly downstream of
the BPR.

The pressure drops to near atmospheric pressure as it
passes through the BPR. Both the BPR and the fluid are
cooled by the adiabatic expansion of the fluid. If pure carbon
dioxide is used, it can actually form “dry ice” and intermit-
tently plug the flow path, if external heat is not applied.
Plugging and subsequent thawing result in intermittent, noisy
flow, and loss of pressure/flow control. With modified fluids
(where small amounts of other fluids are mixed with the
carbon dioxide), “slush” of partially frozen carbon dioxide
and modifier sometimes forms, causing the BPR to sputter,
and lose pressure/flow control. Consequently, all BPRs used
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in SFC have been heated to maintain smooth flow control.
Intermittent heating, such as performed by on-off heater con-
trollers, can cause serious pressure instability. The heater
control must be carefully optimized to avoid inducing pres-
sure oscillations. With low levels of heating, the plugging
problem can be avoided, but water from the atmosphere often
condenses on the outlet line of the BPR. This liquid water, or
sometimes ice, can cause multiple additional problems, and
needs to be controlled/eliminated. Heating the BPR to a
higher temperature eliminates the condensation/ice forma-
tion problem. However, the use of excessively high tempera-
tures could damage thermally labile compounds passing
through the BPR and needs to be avoided.

In order to be appropriate for use in SFC, a BPR must be
stable, accurate and repeatable, with appropriately low,
unswept volume, and generate low UV detector noise. In
addition it should be relatively inexpensive and easy to use
and maintain. Users sometimes program pressure versus
time, making electromechanical control desirable. As equip-
ment has become more and more computer controlled, it has
become desirable to have all the set points stored and down-
loaded from a single electronic method file, making electro-
mechanical control of the BPR even more desirable.

Pressure affects retention and selectivity in SFC, although
not very strongly, particularly when modified mobile phases
are used. Ifthe pressure drifts or wanders, retention times will
drift and wander. Validating a method on a single instrument
in a single lab requires reasonable pressure stability. In gen-
eral, a series of injections must have retention time reproduc-
ibility of less than +/-1%. Transferring methods from one lab
to another requires reasonable pressure accuracy.

Standard mechanical back pressure regulators, such as
those available from Tescom, generally have a large surface in
direct contact with the fluid being controlled, which allows
smoother, more precise control. However the internal volume
of'such devices is often very large, making them incompatible
with some applications of SFC. Mechanical regulators often
have as much as 5 milliliters (mL) of poorly swept internal
volume. On the analytical scale, using 5 um particles, ona 4.6
mm ID column, the volume containing a peak is roughly 75 to
200 pL.. Any component in the flow path should have a dead
volume roughly Y™ of these volumes or smaller, and the
volume should be well swept, if the user expects to retain the
separation (resolution between peaks) during decompression
through the BPR. If the user wishes to place a detector down-
stream of the BPR, the volume of the BPR must be no larger
than 10 to 40 pl, and preferably on the lowest end of this
range. Unfortunately, the smaller the volume of the BPR the
more difficult it is to control the pressure.

Mechanical BPRs, with large internal volumes, may be
adequate for preparative and even semi-preparative scale
SFC. On the preparative scale, samples are contained in 10’s
to 100’s of mL of mobile phase. The BPR should have an
inner volume less than '4th of the volume containing the
peak.

UV detectors are the most common detector type used in
SFC. UV detector response is affected by refractive index
changes in the mobile phase. The refractive index of carbon
dioxide is highly dependent on temperature and pressure. In
the past, the most common outlet pressure used in SFC has
been 100 Bar. The most common column temperature used in
SFC has been 40° C. At 40° C. the refractive index changes
from 1.1120 at 90 Bar to 1.1606 at 110 Bar, a change of over
4%. This represents a change of approximately 0.2%/Bar.
Oscillations in refractive index cause the light beam passing
through a UV detector cell to be bent by a variable amount.
Pressure fluctuations generate refractive index fluctuations
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which causes variations in the light hitting the photosensitive
portion of the detector. It is desirable to minimize pressure
fluctuations to achieve low UV detector noise.

Prior back pressure regulator designs have proven to be
temperamental in terms of both control and/or calibration for
a specified range function. What is needed is device that
dramatically reduces calibration requirements while main-
taining dramatically improved control.

SUMMARY OF THE INVENTION

The preferred and alternative embodiments of the present
invention disclose a drive mechanism for a back pressure
regulator used in liquid chromatography, supercritical fluid
chromatography, or supercritical fluid extraction that allows
very fine automated control over a very wide range of pres-
sures by combining a linear actuator compressing a spring,
pushing a pin. The nozzle assembly of the regulator com-
prises a flow through chamber containing a diaphragm and a
seat, in which the pin pushes the diaphragm against the seat,
together with an upstream pressure sensor and electronic
feedback control to the motor of the actuator. The BPR of the
embodiments exhibits high pressure stability and extremely
low pressure noise, even at moderate to high pressures. The
exemplary BPR can be used at either constant pressure or to
generate pressure programs where the pressure is varied ver-
sus time. Further, the nozzle assembly has a field-replaceable
head, requiring no mechanical adjustment on replacement.

In our laboratory, we have designed a modular back pres-
sure control system for supercritical fluid chromatography
flow streams that allows interchange of any of the principal
control elements without the need for recalibration of the
device. After a single calibration of the system at the factory
to compensate for electronic offsets and signal range, princi-
pal components including a micropositioning drive and a
variable restriction nozzle cartridge may be interchanged at
will to provide pressure regulation in excess of 400 bar. A
high precision pressure sensor is used to assist in controlling
the operation of the micropositioning drive. Further, the pre-
cision of control of the regulator system can exceed typical
commercial offerings by more than an order of magnitude in
the critical low flow range of 0.5 to 10 m[./min that is most
commonly associated with analytical flow rates in SFC and
SFE.

The system depends on high precision registration of only
four surfaces of the assembly—two on the micropositioning
drive element to enforce the exposed length and end of travel
limit for the end effector and two within the valve cartridge
body itselfto set the range of variability for the valve control.
All of the surfaces are controlled simply by high precision
machining tolerances and require only specified torque
adjustment ranges to bring the surfaces into adequate prox-
imity. As a result the manual assembly of the backpressure
regulation system is dramatically simplified and robust.

The preferred and alternative embodiments of the present
invention as mentioned above, includes a micropositioning
drive, which may be controlled mechanically, hydraulically,
thermally or electromagnetically. The critical requirement is
that positional control of the drive at its end effector can be
controlled in displacement steps of at most a few tenths of
microns per Bar of pressure change. This is best achieved by
converting mechanical movement of the drive to a continuous
force at the end effector. As a practical matter it is highly
desirable to achieve control of the end force at resolutions of
tenths to hundredths of Bars at the minimum step change.

In the preferred embodiment an electric stepper motor type
linear actuator is used to drive a pair of thrust elements in
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communication with a high force constant spring. The spring
attenuates relatively large displacement steps of the stepper
motor at a determined rate of force per displacement. The
distant thrust element is placed in communication with the
drive end effector, in this case a machined metal pin, and the
pin movement interacts with the nozzle cartridge to produce
a pressure change. Alternative means of supplying constant
force to the drive end effector may include use of constant
force motors, solenoids, and hydraulic or pneumatic control
systems. The drive system must be rapid enough to respond to
significant pressure changes caused by rapid variations in
viscosity and flow of the control system.

FIGURES

FIG. 1 is an isometric diagram of an exemplary back pres-
sure regulator of the embodiments;

FIG. 2 illustrates side and end views of the back pressure
regulator of FIG. 1;

FIG. 3 illustrates various views of the nozzle assembly of
the embodiments;

FIG. 4 illustrates a plan and cross-sectional view of the
nozzle assembly of the embodiments;

FIG. 5 illustrates various views of a diaphragm for the
nozzle assembly of the embodiments;

FIG. 6 illustrates plan views of shims used in the nozzle
assembly of the embodiments;

FIG. 7 is a supercritical fluid chromatography system that
is capable of implementing the embodiments of the present
invention; and

FIGS. 8, 9, 10, and 11 are graphs showing results of an
operation of the embodiments.

DETAILED DESCRIPTION

Referring to FIG. 1, a preferred embodiment of a back
pressure regulator (BPR) assembly 10 for use in chromato-
graphic or extraction systems such as supercritical chroma-
tography systems is illustrated in an exploded isometric view.
FIG. 2 illustrates side, rear end, and front end views of the
assembled BPR 10. Mounting screws 12 attach each of four
tie rods 14 to a mounting plate on stepper motor 16 having
electronic controls via connection 17. BPR mounting bracket
18 provides a mounting surface for the BPR 10 to an external
housing via grommets 20 that slide onto two of the tie rods 14.
Rear spring thrust element 24 is received by rear end of
modified high force spring 22 and receives an actuating lead
screw or pin 26 from motor 16. A cylindrical spring guide 28
houses spring 22 within a framework of tie rods 14. At front
end of spring 22, screw 30 is connected to front spring thrust
element 32. Bushing 34 is received into a cylindrical protru-
sion of nozzle mount plate 36. Nozzle pin 38 is also received
through nozzle mount plate 36 by bushing 34. The nozzle
mount plate 36 connects to front plate 40 using screws 42 or
other equivalent connectors. Screws 42 connect front plate 40
to ends of tie rods 14. Heated nozzle assembly 44 is held near
to nozzle pin 38 to complete the BPR assembly 10. Electronic
controller connector 45 provides computer controls and
monitoring of the heated nozzle assembly 44.

Referring to FIGS. 3 and 4, various views of the exemplary
heated nozzle assembly 44 with flow tubes are illustrated.
Central to the nozzle assembly 44 is a nozzle insert assembly.
The nozzle insert assembly comprises nozzle insert 50 which
receives outlet flow tube 52 through its radial center point.
Inlet flow tube 54 is offset from the insert 56 but parallels
outlet flow tube 52. The nozzle insert assembly additionally
comprises a machined nozzle seat 56 that together with inlet
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flow tube 54 and outlet flow tube 52 form a brazed assembly.
Nozzle insert 50 contains an annular ring 70 that insets nozzle
seat 56 relative to an external edge. Annular ring 70 is in
fluidic communication with nozzle inlet flow tube 54. Nozzle
seat 56 is in fluidic communication with, and provides an
entrance to, nozzle outlet flow tube 52. In one embodiment, an
internal diameter for inlet flow tube 54 is 0.020 inches and an
internal diameter for outlet flow tube 52 is 0.040 inches,
however these dimensions are merely exemplary and may
vary higher or lower.

FIG. 4 illustrates more detailed plan and cross-sectional
views of exemplary nozzle assembly 44. Nozzle body 46
receives nozzle nut 48 with a threaded connection that
extends only partially into internal area of nozzle body 46.
The nozzle insert assembly comprises nozzle insert 50 which
receives outlet flow tube 52 through its radial center point.
Inlet flow tube 54 is offset from nozzle insert 50 but parallels
outlet flow tube 52.

Referring to FIGS. 4 and 5, the nozzle diaphragm 60 is
positioned adjacent to nozzle insert 50 such that a conical or
raised feature 62 is substantively coaxial to and partially
contained within nozzle seat 56. Nozzle diaphragm 60 is
backed by spring shims 68 and 66 in a parallel and coaxial
arrangement. In FIG. 6, shims 66 and 68 are thin, circular,
metallic discs. Shim 66 can have an exemplary dimension of
0.313%0.005 inches and shim 68 can have a larger exemplary
dimension of 0.5x0.005 inches. As one skilled in the art
recognizes, these dimensions are merely for illustration of the
embodiments and can vary larger or smaller without falling
outside the scope of the present invention. Smaller diameter
shim 66 is located between nozzle pin 38 and larger diameter
shim 68 (and further diaphragm 60).

The spring shims 68 and 66 and diaphragm 60 are con-
strained by nozzle body 46 and the nozzle insert 50. The
surface of nozzle body 46 adjacent to spring shim 66 may be
angularly recessed relative to an undeflected, planar spring
shim.

Nozzle nut 48 applies compressive force against nozzle
insert 50 and nozzle body 46 such that a high pressure seal is
made between the faces of nozzle diaphragm 60 and the
surface of nozzle insert 50. Exemplary nozzle insert 50 fur-
ther contains two electric cartridge heaters 58 and a resistive
temperature sensor 59. Nozzle pin 38 provides a motive force
against spring shims 68, 66 and diaphragm 60.

Heating element 58 is located axially within nozzle insert
50 and preferably is located near to, but does not directly
contact, inlet flow tube 54, outlet flow tube 52, nozzle seat 56
or any side or lower surfaces of nozzle body 46 and nozzle nut
48, however contact with the aforementioned nozzle assem-
bly parts will not cause degradation in performance of the
nozzle insert assembly. Up to two heating elements 58, 58' are
illustrated in plan view. A temperature sensor 59 is also posi-
tioned parallel to heating elements 58 and 58'.

In operation of the preferred and alternative embodiments
of BPR 10, a fluid enters the nozzle via nozzle inlet flow tube
54. Said fluid, additionally contained within annular ring 70
may provide pressure against the interior surface of the nozzle
diaphragm 60. Said pressure will provide force against, and
may cause deflection, of diaphragm 60 which is circumfer-
entially constrained by nozzle body 46 and nozzle insert 50.
Such deflection force is opposed by spring shims 68 and 66
which additionally prevent non-axial deflection of the dia-
phragm 60. Deflection of the diaphragm 60 away from nozzle
seat 56 opens the nozzleto allow increased flow. Deflection of
the nozzle diaphragm 60 towards nozzle seat 56 decreases
flow.
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Motive force on nozzle pin 38 can be provided to further
oppose deflection pressure on the diaphragm 60. Increased
pressure on nozzle pin 38 can cause a forward (closing)
movement of diaphragm 60 toward nozzle seat 56. Such
forward motive force reduces fluid flow exiting via nozzle
seat 56 and nozzle outlet flow tube 52. Reduced flow exiting
the nozzle will provide for increased pressure within annular
ring 70, which provides additional pressure on the interior
surface of the diaphragm 60, which opposes motive force on
nozzle pin 38 until forces balance and a stable pressure is
achieved.

Within the normal operating pressure of a supercritical
fluid chromatograph, the pressure difference between the
back pressure regulator and ambient outlet vent will substan-
tively exceed 100 bar. This pressure differential is that which
is experienced by the fluidic escape. Such pressure difference
causes state changes in escaping fluid from supercritical or
dense liquid state to a gaseous state. This state change repre-
sents greater than a 50:1 increase in volume as the transition
occurs. This expansion causes extensive evaporative cooling.
In the preferred embodiment, the addition of one or more
heaters 58 provides for addition of heat to counteract the
effects of expansive cooling. Contrary to existing prior art, the
heaters 58 are placed in direct thermal communication with
the area of expansive cooling; i.e., the nozzle seat 56 and the
nozzle outlet flow tube 52, and less directly heat the inlet tube
54 and surface of annular ring 70 and thus provide additional
heat to the fluid contained within. The direct addition of heat
in these areas delays the rapid and significant cooling of the
fluid until after the fluid exits the region in close proximity to
the nozzle seat 56 and diaphragm conical feature 62.

Nozzle pin 38 or dimpled diaphragm 60 is pushed into an
orifice 64 by compressed spring 22 (FIGS. 1 and 2). The
spring 22 is compressed by a linear actuator comprised of
stepper motor 16 and a lead screw 26 (FIG. 1). The linear
actuator, by itself, does not possess adequate resolution to
allow anything other than very crude pressure control. The
linear actuator in the embodiments can move less than 0.0003
inches/step or 0.0076 mm/step. However, in one embodi-
ment, the entire distance of travel from totally open to totally
closed is onthe order of25to0 40 um or 0.001 t0 0.0016 inches.
If the best linear resolution of the linear actuator is 0.0003
inches/step, there can only be three to seven different posi-
tions for controlling pressure over the range of 0-400 or 0-600
Bar. Since pressure control in an SFC system of less than +/-1
Bar is desired, the linear actuator alone cannot provide
adequate resolution for optimal pressure control.

The use of the spring 22 allows very subtle variation in the
force generated. By choosing a long spring 22 with a rela-
tively modest spring force, each micro-step on the linear
actuator represents a very small variation in force applied.
One thousand steps produce 30 pounds of force, etc. In one
embodiment, more than two inches of spring compression
can produce more than 200 pounds of force. As an example,
if the spring 22 has a spring constant of 100 pounds/inch, each
step of 0.0003 inches represents 0.03 pound of force. Each
step produces a miniscule amount of pressure perturbation.
The very fine control represented by each step allows smooth
changes in pressure without oscillations. Pressure can be
programmed to produce very smooth pressure ramps. By
using an inexpensive linear actuator, it provides the ability to
control or program the outlet pressure of a chromatograph
through computer control.

Further, the spring 22 dampens pressure fluctuation caused
by other devices, such as reciprocating pumps mounted
upstream of a separation column. Using the exemplary
embodiments, short term (e.g., 5 Hz) pressure variations at
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the BPR 10 have been measured as low as 0.8 pounds per
square inch (psi) with the BPR 10 controlling at 2900 psi with
3 ml/min of flow consisting of 20% methanol in carbon diox-
ide. This represents 200 +/-0.03Bar; <+/-0.02%, which is at
least an order of magnitude better than any previously
reported BPR used in SFC. This extremely low observed
pressure noise significantly contributes to observed low UV
detector noise.

In the preferred embodiment, nozzle assembly 44 uses
dimpled diaphragm 60 pressed into a shaped orifice 64. The
fluid from the column outlet enters a small chamber defined
by the diaphragm 60 and the orifice 64 through the inlet flow
tube 54, and exits through the orifice into the outlet flow tube
52. There is no moving seal, but the diaphragm 60 flexes
depending on the force applied. The internal volume of the
device is less than 10 pul.. The diaphragm 60 can require
several hundred pounds of force to control at 400 Bar. In this
case the force is provided by the drive mechanism described
above. Since the stepper motor 16 is located some distance
from the nozzle assembly 44 there is little to no heat transfer
from the motor 16 to the nozzle assembly 44.

In one embodiment, nozzle body 46 is approximately 1
inch in outer diameter, yet it can accommodate two 25 Watt
heaters 58 that are one inch long as well as an exemplary
platinum resistance temperature sensor 59. The temperature
of nozzle assembly 44 is controlled by a purpose built elec-
tronic circuit with an optimized proportional, integral, differ-
ential (PID) control algorithm.

In the prior art, field replacement of a nozzle assembly
required careful adjustment to work properly. The adjustment
was required because a number of machined parts, each with
its own tolerance, were stacked together to create the nozzle
assembly. In the present invention, all the stacked tolerances
were individually eliminated, until a single part carried a
single critical dimension. The tolerance on this dimension is
within the range of adjustment possible using the electronic
controls.

In an alternative embodiment, the nozzle pin 38 is tapered
and passes through a seal before being pushed into the shaped
orifice 64. Fluid enters through the same tube that is attached
to the column or UV detector outlet, namely the inlet flow
tube 54. The fluid is in contact with the moving seal around
the spring and exits through the orifice into the outlet flow
tube 52. The taper on the nozzle pin 38 produces a variable
gap between the nozzle pin 38 and orifice 64 and produces a
controllable resistance to flow.

If power fails, the BPR 10 does not instantly lose control
and become completely open. There is some remaining resis-
tance to rotation by the motor 16 and lead screw 26. The force
on the diagram 60 caused by the pressure in the column will
gradually force the nozzle pin to retreat and the BPR 10 will
open. The slow decay in pressure prevents damage to fragile
column packings, such as many chiral packings, which are
very expensive to replace.

FIG.7is a schematic ofa modern binary High Performance
Liquid Chromatography (HPLC) or SFC system capable of
implementing the embodiments of the present invention. The
system is comprised of a duplex pump 76 which receives a
fluid supply (typically high purity water or carbon dioxide)
from reservoir 74. A second duplex pump 72 typically
receives an organic solvent of higher compressibility from
reservoir 70. The two flow streams mix at a tee and then
continue past pulse dampener 78 and output pressure sensor
80 through diffusion tube 82. The mobile phase flowstream
continues to injector valve 84, which injects samples or
chemical solutions for separation into the mobile phase. After
injector valve 84, the mobile phase continues through station-
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ary phase separation column 86, detector 88, and back pres-
sure regulator 90, before being exhausted to waste or directed
to another process such as fraction collection in preparative
systems. Also shown in FIG. 7 is the computerized system
controller 92 that directs the specific operation of the system,
including elements of BPR 90, which in the specific embodi-
ments is exemplary the BPR 10 described herein in conjunc-
tion with FIGS. 1-6.

In operation, each pump 72 and 76 of the system of FIG. 7
is set to an initial flow rate to produce a specific composition
of mobile phase. The mobile phase is allowed to equilibrate
with the separation column 86. Detectors 88 are adjusted to
recognize the signal produced at this initial state as a “base-
line” value. To begin an actual separation, the sample loop of
injector valve 84 is filled with liquid containing a mixture of
dissolved components. The injector valve 84 is actuated to
allow mobile phase to push the sample segment onto the
separation column 86. Individual components of the sample
mixture experience different retention times on the separation
column 86 and emerge at different times. The detector 88
senses the components and generates an electronic signal
different from the baseline value which can later be inter-
preted for component type and/or amount by the system con-
troller 92. Back pressure regulator 90 provides sufficient
backpressure to prevent disturbances in the detector 88 from
outgassing of mobile phase elements.

Ifthe initial mobile phase composition is sufficient to sepa-
rate all components of the sample in a timely manner, it is
maintained over the separation period. This is referred to as
isocratic separation. Frequently, the adsorption of some com-
ponents of a sample is so strong that the initial flow compo-
sition would take inordinately long to elute the mixture. A
technique called gradient elution is used in these cases. Gra-
dient elution allows the sample application and initial sepa-
ration of poorly retained components to occur at the initial
condition, then ramps the solvent composition to higher con-
centration of the stronger solvent to elute more strongly
retained components. At the same time, the flow ofthe weaker
solvent of the binary mixture is reduced to maintain a constant
total flow rate.

EXAMPLE

The repeatability and peak to peak pressure noise of the
BPR in the Fusion module was measured, at a frequency of 20
Hz, at 2.0 ml/min of 15% methanol, at 40° C. A 4.6x250 mm
column packed with 5 um silica particles helped dampen flow
(and pressure) noise induced by the pumps. The pressure was
stepped by as little as 0.1 Bar. The data in FIG. 8 show that
pressure noise for this specific BPR is less than +/-0.05 Bar
peak to peak at both 100 and 200 Bar, while the repeatability
is <+/-0.02 Bar (<1psi). Not all BPRs of this design perform
this well.

The composition and flow rate were also changed while
holding pressure constant at 150 Bar. The results, shown in
FIG. 9, indicate no variation in either the absolute pressure
value, deviation from the set point, or the peak to peak pres-
sure noise, even though flow was varied from 1 to 4 ml/min,
while the composition was varied from 5% to 40%. The sharp
spikes in pressure between set points indicate the break-
through times for the changes in modifier concentration. Such
breakthrough causes a rapid change in viscosity. Automatic
adjustment by the electronics to the new viscosity took a few
seconds. These experiments were repeated at 100, 200, and
300 Bar. In all cases, Np_pp<+/—0.l Bar.

Since FIGS. 8 and 9 establish that the BPR is highly repeat-
able with very low pressure noise, the effect of larger changes
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in the system outlet pressure on UV detector offsets can be
measured precisely. The UV diode array detector wavelength
(M) was set to 280 nm with a 16 nm bandwidth (BW). The
reference wavelength (A,) was 360 nm with a 40 nm BW. The
slit was set to 16 nm. The electronic filter was set to >0.1 min
which corresponds to a 2.5 Hz data rate. UV spectra were
monitored on-line to assure there was no absorbance at the
wavelength used, so that all shifts in the baseline could be
attributed to RI changes.

The system outlet pressure was manually changed approxi-
mately every 30-45 seconds, back and forth between each two
sets of pressures, while the UV signal offset, caused by the
pressure perturbation, was measured. At least three steps
were made at each pair of pressures. The results from a typical
set of measurements are presented in FIG. 10. The lower trace
is the system outlet pressure, just downstream of the UV
detector. From left to right, there are 3 steps from 120 to 140
bar (20 bar), 3 steps from 120 to 130 bar (10 Bar), 3 steps from
120to 125 bar (5 Bar), 3 steps from 120 to 122 bar (2 Bar), and
3 steps from 120 to 121 (1 Bar). The steps are meant to
emulate BPR N,,_, of +/-10 Bar (20 Bar), +/-5 Bar (10 Bar),
+/-2.5 Bar (5 Bar), +/-1 Bar (2 Bar), and +/-0.5 Bar (1 Bar).

The upper trace in FIG. 10 shows the UV detector signal
responding to the pressure steps. The amplitude of the steps is
a direct measure of baseline offset caused by the pressure
perturbations and ultimately by the change in the RI of the
mobile phase with pressure. These measurements were
repeated with the base pressure (the initial pressure) at 90,
100, 120, 140, and 200 Bar, with the 20, 10, 5, 2, and 1 Bar
steps superimposed.

Screen captures of the results were printed and the approxi-
mate Np-p was manually measured with a caliper. The overall
results are presented in FIG. 11. UV detector offsets were the
largest in the regions where the RI (and density) changes the
most with small changes in pressure, as expected. Operation
at higher pressures resulted in decreased detector offsets and
should also result in lower UV Np-p.

Larger perturbations (5-20 Bar), such as those in the upper
graph of FIG. 11, will likely be caused only randomly or
highly intermittently. As recently observed anecdotally, large
pressure spikes cause significant spikes in the UV baseline. At
90 Bar, the 20 Bar steps to 110 Bar caused a >6 mAU (filter
>(0.1 min) change in the UV signal. Note that an increase in
pressure, resulting in an increase in the RI, causes a decrease
in the UV signal.

Some real BPRs generate as much as +/-2.5 Bar pressure
noise, at moderate frequencies. One well known BPR, uses a
solenoid to oscillate a pin into an orifice between 1 and 20 Hz
turning flow on and off; to control pressure.

Typical peak widths are 0.05 to 0.2 min, on 5 pum particles
requiring a minimum detector data rate of 1.25 to 5 Hz.
Smaller particles generate narrower peaks and require higher
detector frequencies. The data in FIG. 8 suggest BPR oscil-
lations, at frequencies near peak frequencies, can generate
baseline noise >1 mAU (filter >0.1 min), making trace analy-
sis under such conditions problematic.

Until recently, the quietest reported BPRs used in SFC
exhibited peak to peak pressure noise of =~+/-0.5 Bar, but with
heavy filtering on the signal. As indicated by the middle curve
in the bottom of FIG. 11, this BPR should have been capable
of producing UV noise of 0.3 mAU or less (with filter >0.1
min). An extensive search of the prior art shows 0.3 to 0.5
mAU noise using this BPR, but no better. The middle curve in
the bottom of FIG. 11 suggests noise should improve to below
0.1 mAU at higher pressures, which was (almost) never pre-
viously observed.

10

15

20

25

30

35

40

45

50

55

60

10

The specific BPR used in the present tests has the lowest
pressure noise reported in the SFC literature, by an order of
magnitude. Its performance is indicated in FIGS. 8 and 9 and
by the bottom curve in FIG. 10. Noise improved significantly
athigher pressure, such as 200 Bar. However, even at 100 Bar,
noise was very low, by historical standards

Because many varying and different embodiments may be
made within the scope of the inventive concept herein taught,
and because many modifications may be made in the embodi-
ments herein detailed in accordance with the descriptive
requirements of the law, it is to be understood that the details
herein are to be interpreted as illustrative and not in a limiting
sense.

What is claimed is:

1. A device for a back pressure regulator, comprising:

a nozzle insert comprising;

an outlet flow channel that can receive an outlet flow tube
and an inlet flow channel that can receive an inlet flow
tube;

a seat, near an end of said insert, such that said seat can be
in fluidic communication with said outlet flow channel;
and

a nozzle body at least partially receiving said nozzle insert
and said seat; and a diaphragm having a first surface
positioned adjacent to said seat wherein said nozzle
body constrains a circumferential edge of said dia-
phragm.

2. The device of claim 1, wherein said outlet flow channel
is located near to center axis of said nozzle insert, and said
inlet flow channel is located at a position offset from said
outlet flow channel.

3. The device of claim 1, further comprising:

a heating element arranged near to said outlet channel such
that heat from said heating element can be in thermal
communication with said outlet flow channel.

4. The device of claim 1, further comprising:

a shim element, positioned adjacent to a second surface of
said diaphragm that is opposite to said first surface of
said diaphragm that is adjacent to said seat.

5. The device of claim 1, further comprising:

alinear actuator that can apply a force to the second surface
of said diaphragm directly or through said shim, wherein
said force can cause the first surface of the diaphragm to
seal against an orifice of said seat.

6. The device of claim 5, wherein the linear actuator com-
prises a motive force driving a spring element: and a thrust
element, driven by said spring element, can apply said three to
said diaphragm.

7. The device of claim 6, wherein said motive force com-
prises a positional control that can move said linear actuator
indisplacement steps related to a pressure change in said inlet
flow channel or said outlet flow channel.

8. A process for regulating back pressure in a chromatog-
raphy system with the device of claim 1, comprising:

pumping a pressurized fluid flowstream into a nozzle insert
via a nozzle inlet channel,

directing said fluid from said inlet channel into a seat of
said insert;

positioning a diaphragm adjacent to said seat to seal an
outlet channel of said nozzle insert;

constraining said diaphragm with a nozzle body;

deflecting the diaphragm away from said seat with said
pressure of said pressurized fluid flowstream thereby
allowing the flow stream to increase flow into an outlet
channel of said nozzle insert;
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applying an opposing deflection force to said diaphragm
thereby causing the flowstream to decrease tlow into the
outlet channel.

9. The process of claim 8, further comprising:

heating the outlet flowstream with a heating element that is

in thermal communication with said outlet flow channel.

10. The process of claim 8, wherein said applying the
opposing deflection force further comprises applying said
opposing force with a spring shim positioned adjacent to a
surface of said diaphragm that is opposite to a side adjacent to
said seat.

11. The process of claim 10, wherein said applying the
opposing deflection force further comprises applying a
motive force to a thrust element with, the thrust element then
applying a force to the shim, said motive force actuated in
displacement steps related to a pressure change in one of said
flow channels.

12. The process of claim 10, wherein the pumping the
pressurized fluid flowstream further comprises pumping said
flowstream in a supercritical fluid chromatography system or
a high performance, liquid chromatography system.

#* #* #* #* #*

10

15

20

12



